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(57) Abstract: A voltage controlled oscillator includes an active element having a first connectin point for connection to a voltage 
source and an output connection point. A tunable resonator including a first voltage tunable dielectric device is connected to an 
input of the active clement. A first circuit branch is also connected to the active clement. The first circuit branch can include a 
second voltage tunable dielectric device. A tuning voltage controller supplies a control voltage to the first and second voltage tunable 
dielectric devices to control the frequency of an oscillating voltage at the output connection point. In a reflect type voltage controlled 
oscillator, the first circuit branch is a bypass circuit. In a transmission type voltage controlled oscillator, the first circuit branch 
includes a phase shifter and is connected between the active element output connection point and the tunable resonator. 
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VOLTAGE CONTROLLED OSCILLATORS INCLUDING 
TUNABLE DIELECTRIC DEVICES 

CROSS REFERENCE TO RELATED APPLICATION 

This application claims the benefit of United States Provisional Application 
Serial No. 60/219,567, filed July 20, 2000. 

BACKGROUND OF THE INVENTION 

This invention relates to voltage controlled oscillators, and more particularly, 
to voltage controlled oscillators that include tunable dielectric devices. 

Communication systems are in need of low phase noise, high frequency, 
higher power and low cost voltage controlled oscillators (VCOs) for use in transmit/receive 
modules. VCOs are typically used for local oscillators to perform frequency up or down 
conversions. At higher frequencies, the phase noise of a local oscillator becomes 
increasingly important for recovering base band signals with minimized distortions. A high 
performance voltage controlled oscillator (VCO) requires resonant components to be high in 
Q value. 

VCOs utilizing mechanically tuned dielectric resonators are known in the art. 
Examples of such VCOs can be found in United States Patents No. 4,639,690 and 5,578,969. 
Diode varactors have been used in VCOs at lower frequencies. Examples of such VCOs can 
be found in United States Patents No. 5,233,319 and 5,982,244. However, at microwave 
frequencies diode varactors become lossy and introduce noise. 

While various voltage controlled oscillator topologies are known in the art, 
there remains a need to provide VCOs that can operate at high frequencies and provide both 
lower phase noise and wider tuning bandwidth. This invention seeks to fulfill that need. 

SUMMARY OF THE INVENTION 

Voltage controlled oscillators constructed in accordance with this invention 
include an active element having a first connection point for connection to a voltage source 
and an output connection point. A tunable resonator including a first voltage tunable 
dielectric device is connected to an input of the active element. A first circuit branch is also 
connected to the active element. A control voltage is applied to the voltage tunable dielectric 
device to control the frequency of an oscillating voltage at the output connection point. In a 
reflect type voltage controlled oscillator, the first circuit branch is a bypass circuit. In a 
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transmission type voltage controlled oscillator, the first circuit branch includes a phase shifter 
and is connected between the active element output connection point and the tunable 
resonator. 

The first circuit branch can include a second voltage tunable dielectric device, 
5 in which case a control voltage can also be applied to the second voltage tunable dielectric 
device to control the frequency of an oscillating voltage at the output connection point. 

The voltage controlled oscillators of this invention can include a high Q 
resonant circuit that provides both improved low phase noise and wide tuning bandwidth. 
These VCOs can operate in high power applications, while employing a low cost, high Q, 
10 linear dielectric tunable capacitor or a low loss phase shifter with effectively no power 
consumption. These VCOs typically have a phase noise of less than -75 dBc/Hz at 10 KHz 
offset from microwave carrier frequency and a tuning bandwidth of up to 50%. The tunable 
components can be fabricated or printed on a single substrate or integrated in a single device. 

These and other features and advantages of the present invention will become 
15 apparent in the following detailed description of illustrative embodiments thereof, which is to 
be read in connection with the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic diagram of a reflect-type VCO that uses a tunable 
dielectric resonator; 

20 FIG. 2 is a schematic diagram of a reflect-type VCO that uses a tunable 

dielectric capacitor in the resonator; 

FIG. 3 is a simplified diagram of a transmission type VCO that uses a tunable 
dielectric resonator and a phase shifter to provide positive feedback; 

FIG. 4 is a schematic diagram of the tunable dielectric resonator of the 
25 transmission type VCO of FIG. 3; 

FIG. 5 is a top plan view of a tunable dielectric varactor that can be used in the 
phase shifters of the present invention; 

FIG. 6 is a cross sectional view of the tunable dielectric varactor of FIG. 5 
taken long line 6-6;FIG. 7 is a graphical representation of the capacitance of a tunable 
30 dielectric capacitor as a function of an applied electric field strength; 

FIG. 8 is a graphical representation of the phase shift of the tunable dielectric 
phase shifter as a function of an applied electric field strength; and 



WO 02/09269 



PCT/US01/22673 



3 

FIG. 9 is a simplified diagram of a loaded line phase shifter the utilizes 
tunable dielectric capacitors. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

" Referring to the drawings, FIG. 1 is a schematic diagram of a reflect-type 
5 voltage controlled oscillator (VCO) 10 constructed in accordance with the present invention. 
The VCO includes an active element 12, which in this embodiment comprises a silicon 
bipolar transistor. Alternative active elements, such as a gallium arsenide field effect 
transistor (GaAs FET) can be used. However at high frequencies GaAs FETs tend to have a 
noisier nature due to surface current. For better phase noise performance a bipolar transistor 

10 is preferred. The active element 12 includes a connection point 14 for connection to an 
external voltage source supplying voltage V c . A tunable dielectric resonator 16 is coupled to 
the transistor base 18 through capacitor 20 and is also connected to a common point 22. A 
tunable bypass circuit 24 is connected between the transistor emitter 26 and the common 
point 22. Another capacitor 28 couples the transistor collector to an output terminal 30. A 

15 capacitor 32 is also connected between the transistor base and emitter. 

FIG. 2 is a more detailed schematic diagram of a reflect-type voltage 
controlled oscillator (VCO) 34 constructed in accordance with the' present invention. The 
VCO 34 includes an active element 36, which in this embodiment comprises a silicon bipolar 
transistor as in FIG. 1, and includes a connection point 38 for connection to an external 

20 voltage source. A tunable dielectric resonator 40 is connected between the transistor base 
and a common point 42. The tunable dielectric resonator 40 includes a first circuit branch 44 
that includes a series connection of microstrip line 46, capacitor 48 and tunable capacitor 50, 
which is preferably a tunable dielectric varactor. 

A tunable bypass circuit 52 is connected between the transistor emitter and a 

25 common point 42. The tunable bypass circuit 52 includes a first circuit branch 54 that 

includes a series connection of microstrip line 56, capacitor 58 and tunable capacitor 60, 
which is preferably a tunable dielectric varactor. A resistor 62 is connected between a node 
64 between the microstrip line 56 and capacitor 58 and the common point 42. 

A capacitor 66 is connected between the transistor base and emitter. A circuit 

30 branch 68, comprising the series connection of a microstrip line 70 and a capacitor 72 
connects the transistor collector to an output terminal 74. 
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Transistor collector voltage V c is supplied through a bias voltage circuit 76 
including resistor 78, inductor 80 and capacitor 82. Inductor 80 and capacitor 82 form a 
filter, or choke, that provides DC isolation. Transistor base voltage Vg is supplied through a 
bias voltage circuit 84 including resistor 86, inductor 88 and capacitor 90. Inductor 88 and 
5 capacitor 90 form a choke that provides DC isolation. 

A tuning controller 92 is used to supply tuning voltage to the tunable dielectric 
varactors 50 and 60. DC isolation circuits 94 and 96 are used to couple the tuning controller 
92 to the tunable dielectric devices 50 and 60 respectively. Isolation circuit 94 includes 
inductor 98 and capacitor 100, while isolation circuit 96 includes inductor 102 and capacitor 
10 104. The resonator circuit 40 forms a negative differential resistance device. The biasing 
circuits provide the transistor base and collector with operating voltages. 

Microwave transistors that can be used in the oscillators of FIGs. 1 or 2 are 
preferably low noise microwave transistors, for example, low phase noise silicon bipolar 
transistors. The biasing voltages are based on the noise performance and power efficiency. 
15 The optimized biasing circuits include filters to isolate the DC from the RF signal path. 

The capacitor tuning controller preferably includes a tuning control circuit that 
can track tuning voltages and keep the tunable capacitors biased under optimized conditions. 

In a microwave VCO, after the transistor is chosen, the phase noise 
performance is controlled by the resonant circuit. In the preferred embodiment of FIG. 2, the 
20 resonant circuit 40 is a distributed circuit in which the inductor is a microstrip line 46, and the 
capacitor is a tunable dielectric varactor 50. Therefore the Q value of the varactor is the key 
factor affecting the performance of the reflect-type oscillator. 

The present invention takes advantage of the characteristics of voltage tunable 
dielectric material to build low cost, tunable resonators with linear behavior, negligible power 
25 consumption, and a high Q value for VCO applications. In the VCO of FIG. 2 a silicon 
transistor can be used for the oscillator to operate around 9 GHz. A resonator 40 including a 
varactor 50 and a microstrip line inductor 46 is connected to the transistor base to set the 
oscillating frequency, and the positive feedback circuit 52 connected to the transistor emitter 
forms a negative differential resistance. The oscillating frequency can be adjusted by 
30 controlling tuning voltages applied to the voltage tunable dielectric varactors in the resonator 
and the positive feedback circuit. There are two tuning mechanisms in the VCO, the transistor 
base side is tuned by voltage Vtl, and the negative differential resistance bypass circuit 
connected to the transistor emitter is tuned by voltage Vt2. 
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As the control voltages are varied, the capacitance of the tunable capacitors 
also varies. The frequency of oscillation, co, is dependent on the reactance, X, of the circuit, 

r 1 C48*C50 n C58*C60 . f , 

which may be stated as: X=coL and C = - - _ or C = — — , where the 

coC C48 + C50 C58 + C60 

numbers after the capacitance C refer to the item number of the capacitors in FIG. 2. The 

5 inductance L is the inductance of the microstrip line 46 or 56 circuit. The tuning voltages can 

track each other for the best performance. All the DC voltages are supplied through a choke 

that provides isolation between the DC control voltage and the high frequency signals in the 

circuit. Vtl and Vt2 are typically different voltages that are controlled by the controller to 

achieve optimum operation of the oscillator. In some applications, a circuit branch 

10 comprising a fixed resistor and capacitor can replace the tunable bypass circuit 24 in FIG.l if 
performance criteria can be satisfied. This will simplify the bias voltage structure. 

In an alternative embodiment of the invention, the same technology can be 
used to build a tunable phase shifter with low losses and wide phase shifting for a 
transmission type of VCO application. FIG. 3 is a schematic diagram of a transmission type 

15 voltage controlled oscillator 110 constructed in accordance with an alternative embodiment 
of the present invention. VCO 110 includes an amplifier 112 having a connection point 114 
for connection to an external voltage source, a tunable resonator circuit 116 connected to the 
input 118 of the amplifier, and a tunable phase shifter 120 connected between the amplifier 
output 122 by line 124 and the resonator circuit by line 126, for introducing positive 

20 feedback. The tunable resonator may include a dielectric tunable capacitor and microstrip line 
inductor, similar to those shown in the resonator 40 of FIG. 2. A tuning voltage controller 
128 provides a DC tuning control voltage to tunable devices in the tunable resonator 116 by 
line 130 and phase shifter 120 by line 132. 

A tunable dielectric phase shifter is used in the transmission type voltage 

25 controlled oscillator of FIG. 3 to obtain low phase noise, high power, a wide selection in 
frequency tuning range, and low cost. FIG. 3 shows a feedback transmission type oscillator 
including a dielectric tuned resonator and a dielectric tuned phase shifter. The feedback loop 
generates a 180-degree phase shift from the amplifier output port back to amplifier input that 
establishes a necessary and sufficient condition for oscillation. In the resonator, a dielectric 

30 tunable capacitor is chosen to control the resonator frequency with tunability ranging from 5 
to 50% depending upon the tuning frequency range requirement. The dielectric phase shifter 
is chosen to have a 180-degree phase shift in the feedback loop, and to synchronously track 
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the feedback phase shift needed by the resonator for oscillation. Once the VCO active 
component, such as a transistor, has been chosen, the phase noise performance is solely 
determined by the Q of the tunable resonator. The tunable dielectric varactor in the resonator 
can be constructed using a tunable material in many different forms such as a tunable bulk 
5 material, a thick film, or a thin film in a planer, waveguide or cavity device etc. 

FIG. 4 is a schematic diagram of the tunable resonator 116 of FIG. 3. The 
tunable dielectric resonator 116 includes a first circuit branch that includes a series 
connection of microstrip line 46, capacitor 48 and tunable capacitor 50. 

The embodiment of FIG. 3 includes a linear dielectric tunable resonator and 

10 utilizes a tunable dielectric phase shifter in a positive feedback circuit, both of which employ 
voltage tunable dielectric material. When a DC tuning voltage is applied to the tunable 
resonator, the dielectric constant of the material changes, thereby changing the resonant 
frequency. In the phase shifter, the DC tuning voltage causes the group velocity change, 
thereby producing a phase shift The change is approximately linear with a change in tuning 

15 voltage. A VCO controller can synchronize the tuning of resonant circuit frequency with a 
feedback phase shift to achieve a specific oscillation frequency with high Q and low phase 
noise. By choosing a high tunability tunable capacitor in the resonator, the VCO will have a 
low phase noise and a wide tuning bandwidth. 

The VCO of FIG. 3, can provide an oscillator that operates at around 9 GHz 

20 ' with a 20% bandwidth. The positive feedback circuit sets the phase needed for self- 
excitation. The phase shifter can be made from tunable material in bulk, thick film or thin 
film form, in various microstrip, coplanar, or waveguide structures. Depending upon 
frequency and power handling requirements, a preferred embodiment waveguide phase 
shifter can operate in Ka-band with a small insertion loss and high power handling capability. 

25 The phase shifter provides about a 180-degree phase shift and another 180-degree phase shift 

results from signal being inverted through the amplifier. The 360-degree phase shifted signal 
is then excited by the resonator at the amplifier input. The DC voltage bias controller is used 
to track the optimized bias condition for each tunable device. By tuning and tracking the 
resonant circuit and the bypass circuit, the oscillator can achieve optimized performance. 

30 The tuning voltage controller can be a computer controlled or micro-controller chip 
controlled power supply that can simultaneously execute multiple tasks, and which also can 
be manually adjusted. The controller sets the bias voltage according to the optimized data, 
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and ensures that the VCO achieves the best performance. The amplifier can include a 50 ohm 
matched network that rejects the undesired frequency band. 

This invention can utilize varactors, which include a low loss, tunable 
dielectric material having high tuning capabilities, such as a barium strontium titanate (BST) 
5 based composite film. FIG. 5 is a top plan view of a dielectric varactor 134 that can be used 
in the phase shifters of the present invention. FIG. 6 is a cross sectional view of the dielectric 
varactor of FIG, 5 taken along line 6-6.The dielectric varactor 134 includes two planar 
electrodes 136 and 138 mounted on a surface 140 of a substrate 142. A film of tunable 
dielectric material 144 is also positioned in the surface of the substrate. Portions 146 and 148 

10 of electrodes 136 and 138 respectively, extend over a surface 150 of the tunable dielectric 

material and are separated to form a predetermined gap 152. The substrate can, for example, 
comprise MgO, alumna (AL0O3), LaAlCh, sapphire, quartz, silicon, gallium arsenide, and 
other compatible materials to the tunable films and their processing. A voltage supplied by 
an external variable DC voltage source 154 produces an electric field across the gap adjacent 

15 to the surface of the tunable dielectric material, which produces an overall change in the 

capacitance of the varactor. The width of the gap can range from 10 to 40 \xm depending on 
the performance requirements. An input 156 is connected to the first electrode 136 and an 
output 158 is connected to the second electrode 138. The electrodes are constructed of 
conducting materials, for example, gold, silver, copper, platinum, ruthenium oxide or other 

20 compatible conducting materials to the tunable films. 

FIG. 7 is a graph illustrating the linear behavior of a tunable capacitor that 
may be used in the invention. The voltage is proportional to the thickness of the material. In 
microwave frequencies, the tunable capacitor can include a thick film tunable dielectric 
material, or a thin film tunable dielectric material that makes the tuning voltage lower. 

25 FIG. 8 shows the linear phase shift versus the tuning voltage for a tunable 

dielectric phase shifter of a type that can be used in the VCO's of this invention.. The phase 
shifter can be designed to provide a phase shift of about 180 degrees, with tuning of plus and 
minus 90-degrees. When the desired frequency changes, tuning of the tunable capacitor in 
the resonant circuit and tuning of the phase shifter will track each other and adjust 

30 synchronously to achieve the optimized performance. 

FIG. 9 is a schematic representation of an X-band loaded line phase shifter 
that can be used as the tunable phase shifter 120 in FIG. 3, and provides a combination of 
shifted phase plus phase delay using fixed transmission lines to achieve a 180-degree phase 
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shift. The phase shifter includes a microstrip line 160 including the series connection of line 
segments 162, 164, 166 and 168. The line is connected to an input 170 and an output 172 
through capacitors 174 and 176 respectively. Tunable varactors 178, 180 and 182 are 
connected between intermediate points on the line and ground. The capacitance of the 
5 varactors is controlled by supplying a bias voltage to terminal 184 through a choke 186 that 
includes a microstrip line 188 and capacitor 190. 

In operation, both the reflect and the transmission type VCO are similar in 
principle, in that VCO is self excited by a feedback signal phase added to boost its amplitude. 
The reflect-type may be easier to excite in different frequency regions while the transmission 

10 type tends to have single oscillation frequency. 

The tunable dielectric varactors that can be used in this invention can be 
constructed in accordance with the varactor structures shown in commonly owned United 
States Patent Applications Serial No. 09/419,126, filed October 15, 1999 (PCT/US99/24161); 
Serial No. 09/434,433, filed November 4, 1999 (PCT/US99/26113); or Serial No. 

15 09/660,309, filed September 12, 2000, all of which are incorporated by reference. The phase 

shifter can be constructed in accordance with the phase shifter structures shown in commonly 
owned United States Patent Applications Serial No. 09/644,019, filed August 22, 1999 
(PCT/US00/23023) or Serial No. 09/847,256, filed May 2, 2001, 2001 (PCT/US01/13638), 
both of which are incorporated by reference. 

20 The preferred embodiments of this invention provide high performance and 

small size VCOs that include varactors or phase shifters utilizing tunable dielectric material 
for wireless communication, especially for mobile and portable wireless communications, as 
well as other applications. 

Tunable dielectric materials have been described in several patents. Barium 

25 strontium titanate (BaTi0 3 - SrTi0 3 ), also referred to as BSTO, is used for its high dielectric 
constant (200-6,000) and large change in dielectric constant with applied voltage (25-75 
percent with a field of 2 Volts/micron). Tunable dielectric materials including barium 
strontium titanate are disclosed in U.S. Patent No. 5,427,988 by Sengupta, et al. entitled 
"Ceramic FeiToelectric Composite Material-BSTO-MgO"; U.S. Patent No. 5,635,434 by 

30 Sengupta, et al. entitled "Ceramic Ferroelectric Composite Material-BSTO-Magnesiura 
Based Compound"; U.S. Patent No. 5,830,591 by Sengupta, et al. entitled "Multilayered 
Ferroelectric Composite Waveguides"; U.S. Patent No. 5,846,893 by Sengupta, et al. entitled 
"Thin Film Ferroelectric Composites and Method of Making"; U.S. Patent No. 5,766,697 by 
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Sengupta, et al. entitled "Method of Making Thin Film Composites"; U.S. Patent No. 
5,693,429 by Sengupta, et al. entitled "Electronically Graded Multilayer Ferroelectric 
Composites"; U.S. Patent No. 5,635,433 by Sengupta entitled "Ceramic Ferroelectric 
Composite Material BSTO-ZnO"; U.S. Patent No. 6,074,971 by Chiu et al. entitled "Ceramic 
5 Ferroelectric Composite Materials with Enhanced Electronic Properties BSTO-Mg Based 
Compound-Rare Earth Oxide". These patents are incorporated herein by reference. 

The electronically tunable materials that can be used in the varactors or phase 
shifters used in the preferred embodiments of the present invention include at least one 
electronically tunable dielectric phase, such as barium strontium titanate, in combination with 

10 at least two additional metal oxide phases. Barium strontium titanate of the formula Ba x Sri_ 
x TiC>3 is a preferred electronically tunable dielectric material due to its favorable tuning 
characteristics, low Curie temperatures and low microwave loss properties. In the formula 
Ba x Sri. x Ti03, x can be any value from 0 to 1, preferably from about 0.15 to about 0.6. More 
preferably, x is from 0.3 to 0.6. 

15 Other electronically tunable dielectric materials may be used partially or 

entirely in place of barium strontium titanate. An example is Ba x Cai_ x Ti0 3 , where x is in a 
range from about 0.2 to about 0.8, preferably from about 0.4 to about 0.6. Additional 
electronically tunable ferroelectrics include Pb x Zri. x Ti0 3 (PZT) where x ranges from about 
0.05 to about 0.4, lead lanthanum zirconium titanate (PLZT), PbTi0 3 , BaCaZrTi0 3 , NaN0 3 , 

20 KNb0 3 , LiNb0 3 , LiTa0 3 , PbNbaO*, PbTa 2 0 6 , KSr(Nb0 3 ) and NaBa 2 (Nb0 3 )5KH 2 P04. 

In addition, the following U.S. Patent Applications, assigned to the assignee of 
this application, disclose additional examples of tunable dielectric materials: U.S. Application 
Serial No. 09/594,837 filed June 15, 2000, entitled "Electronically Tunable Ceramic 
Materials Including Tunable Dielectric and Metal Silicate Phases"; U.S. Application Serial 

25 No. 09/768,690 filed January 24, 2001, entitled "Electronically Tunable, Low-Loss Ceramic 
Materials Including a Tunable Dielectric Phase and Multiple Metal Oxide Phases"; U.S. 
Application Serial No. 09/882,605 filed June 15, 2001, entitled "Electronically Tunable 
Dielectric Composite Thick Films And Methods Of Making Same"; and U.S. Provisional 
Application Serial No. 60/295,046 filed June 1, 2001 entitled "Tunable Dielectric 

30 Compositions Including Low Loss Glass Frits". These patent applications are incorporated 
herein by reference. 

The tunable dielectric materials can also be combined with one or more non- 
tunable dielectric materials. The non-tunable phase(s) may include MgO, MgAhO* 
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MgTi0 3 , Mg 2 Si0 4 , CaSi0 3 , MgSrZrTi0 6 , CaTi0 3 , A1 2 0 3 , Si0 2 and/or other metal silicates 
such as BaSi0 3 and SrSi0 3 . The non-tunable dielectric phases may be any combination of 
the above, e.g., MgO combined with MgTi0 3 , MgO combined with MgSrZrTi0 6 , MgO 
combined with Mg 2 Si0 4 , MgO combined with Mg 2 SiC>4> Mg 2 Si0 4 combined with CaTi0 3 
5 and the like. 

Additional minor additives in amounts of from about 0.1 to about 5 weight 
percent can be added to the composites to additionally improve the electronic properties of 
the films. These minor additives include oxides such as zirconnates, tannates, rare earths, 
niobates and tantalates. For example, the minor additives may include CaZr0 3 , BaZr0 3 , 

10 SrZr0 3 , BaSn0 3 , CaSn0 3 , MgSn0 3 , Bi 2 0 3 /2Sn0 2 , Nd 2 0 3 , Pr 7 O u , Yb20 3 , Ho 2 0 3 , La 2 0 3 , 
MgNb 2 0 6 , SrNb 2 0 6 , BaNb 2 0 6 , MgTa 2 0 6 , BaTa 2 0$andTa 2 0 3 . 

Thick films of tunable dielectric composites can comprise Bai_ x Sr x Ti0 3 , where 
x is from 0.3 to 0.7 in combination with at least one non-tunable dielectric phase selected 
from MgO, MgTi0 3 , MgZr0 3 , MgSrZrTi0 6 , Mg 2 Si0 4 , CaSi0 3 , MgAl 2 0 4 , CaTi0 3 , A1 2 0 3 , 

15 Si0 2 , BaSi0 3 and SrSi0 3 . These compositions can be BSTO and one of these components or 
two or more of these components in quantities from 0.25 weight percent to 80 weight percent 
with BSTO weight ratios of 99.75 weight percent to 20 weight percent. 

The electronically tunable materials can also include at least one metal silicate 
phase. The metal silicates may include metals from Group 2A of the Periodic Table, i.e., Be, 

20 Mg, Ca, Sr, Ba and Ra, preferably Mg, Ca, Sr and Ba. Preferred metal silicates include 
Mg 2 Si0 4 , CaSi0 3 , BaSi0 3 and SrSi0 3 . In addition to Group 2A metals, the present metal 
silicates may include metals from Group 1 A, i.e., Li, Na, K, Rb, Cs and Fr, preferably Li, Na 
and K. For example, such metal silicates may include sodium silicates such as Na 2 Si0 3 and 
NaSi0 3 -5H 2 0, and lithium-containing silicates such as LiAlSi0 4 , Li 2 Si0 3 and LUSi0 4 . 

25 Metals from Groups 3A, 4A and some transition metals of the Periodic Table may also be 
suitable constituents of the metal silicate phase. Additional metal silicates may include 
Al 2 Si 2 0 7 , ZrSi0 4 , KalSi 3 O g , NaAlSi 3 0 8 , CaAl 2 Si 2 08, CaMgSi 2 0 6 , BaTiSi 3 0 9 and Zn 2 Si0 4 . 
Tunable dielectric materials identified as Parascan™ materials, are available from Paratek 
Microwave, Inc. The above tunable materials can be tuned at room temperature by 

30 controlling an electric field that is applied across the materials. 

In addition to the electronically tunable dielectric phase, the electronically 
tunable materials can include at least two additional metal oxide phases. The additional 
metal oxides may include metals from Group 2A of the Periodic Table, i.e., Mg, Ca, Sr, Ba, 
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Be and Ra, preferably Mg, Ca, Sr and Ba. The additional metal oxides may also include 
metals from Group 1 A, i.e., Li, Na, K, Rb, Cs and Fr, preferably Li, Na and K. Metals from 
other Groups of the Periodic Table may also be suitable constituents of the metal oxide 
phases. For example, refractory metals such as Ti, V, Cr, Mn, Zr, Nb, Mo, Hf, Ta and W 
may be used. Furthermore, metals such as Al, Si, Sn, Pb and Bi may be used. In addition, 
the metal oxide phases may comprise rare earth metals such as Sc, Y, La, Ce, Pr, Nd and the 
like. 

The additional metal oxides may include, for example, zirconnates, silicates, 
titanates, aluminates, stannates, niobates, tantalates and rare earth oxides. Preferred 
additional metal oxides include Mg 2 Si0 4 , MgO, CaTi0 3 , MgZrSrTi0 6 , MgTi0 3 , MgAl 2 0 4 , 
W0 3 , SnTi0 4 , ZrTi0 4 , CaSi0 3 , CaSn0 3 , CaW0 4 , CaZr0 3 , MgTa 2 0 6 , MgZr0 3 , Mn0 2 , PbO, 
Bi20 3 and La 2 0 3 . Particularly preferred additional metal oxides include Mg2Si0 4 , MgO, 
CaTi0 3 , MgZrSrTi0 6 , MgTi0 3 , MgAl 2 0 4 , MgTa 2 0 6 and MgZr0 3 . 

The additional metal oxide phases may alternatively include at least two Mg- 
containing compounds. In addition to the multiple Mg-containing compounds, the material 
may optionally include Mg-free compounds, for example, oxides of metals selected from Si, 
Ca, Zr, Ti, Al and/or rare earths. In another embodiment, the additional metal oxide phases 
may include a single Mg-containing compound and at least one Mg-free compound, for 
example, oxides of metals selected from Si, Ca, Zr, Ti, Al and/or rare earths. 

While the present invention has been described in terms of what are at present 
its preferred embodiments, it will be apparent to those skilled in the art that various 
modifications can be made to the disclosed embodiments without departing from the scope of 
this invention s set forth in the following claims. 
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What is claimed is: 

1. A voltage controlled oscillator comprising: 

an active element having a first connection point for connection to a voltage 
source and an output connection point; 
5 a tunable resonator including a first voltage tunable dielectric device, the 

tunable resonator connected to an input of the active element; 

a first circuit branch connected to the active element; and 
a tuning voltage controller for supplying a control voltage to the first voltage 
tunable dielectric device to control the frequency of an oscillating voltage at the output 
10 connection point. 

2. A voltage controlled oscillator according to claim 1, wherein the first 
circuit branch comprises: 

a second voltage tunable dielectric device. 

3. A voltage controlled oscillator according to claim 2, wherein the each 
15 of the first and second voltage tunable dielectric devices comprises: 

a tunable dielectric varactor. 

4. A voltage controlled oscillator according to claim 1, wherein the first 
circuit branch comprises: 

a resistor and a capacitor electrically connected in series with each other. 
20 5. A voltage controlled oscillator according to claim 1, wherein: 

the active element comprises a transistor; 

the tunable resonator is connected between a first terminal of the transistor and 
a common point; 

the first circuit branch is connected between a second terminal of the transistor 
25 and the common point. 

6. A voltage controlled oscillator according to claim 5, wherein the 
transistor comprises: 

a silicon bipolar transistor, the first terminal is a base of the transistor, and the 
second terminal is an emitter of the transistor. 
30 7. A voltage controlled oscillator according to claim 1, wherein the 

tunable resonator circuit comprises: 

a first microstrip line connected in series with the first voltage tunable 
dielectric device. 
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8. A voltage controlled oscillator according to claim 7, wherein the first 
circuit branch comprises: 

a second microstrip line connected in series with a second voltage tunable 
dielectric device. 

5 9. A voltage controlled oscillator according to claim 8, wherein, the 

tuning voltage controller also supplies a second control voltage to the second voltage tunable 
dielectric device, the voltage controlled oscillator further comprising: 

a first DC isolation circuit connected between the tuning voltage controller 
and the first tunable dielectric device; and 
10 a second DC isolation circuit connected between the tuning voltage controller 

and the second tunable dielectric device. 

10. A voltage controlled oscillator according to claim 1, further comprising 
an output circuit connected between the output connection point of the active element and an 
output terminal, wherein the output circuit comprises a circuit branch including a microstrip 

15 line and a capacitor. 

11. A voltage controlled oscillator according to claim 1 , wherein: 
the active element comprises an amplifier; 

the tunable resonator is connected between an input of the amplifier and a 
common point; and 

20 the first circuit branch is connected between an output of the amplifier and the 

tunable resonator. 

12. A voltage controlled oscillator according to claim 11, wherein the 
tunable resonator circuit comprises: 

a first microstrip line connected in series with the first tunable dielectric 

25 device. 

13. A voltage controlled oscillator according to claim 12, wherein the first 
voltage tunable dielectric device comprises: 

a tunable dielectric varactor. 

14. A voltage controlled oscillator according to claim 11, wherein the 
30 tunable circuit branch comprises: 

a phase shifter. 

15. A voltage controlled oscillator according to claim 14, wherein the 
phase shifter comprises: 
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a loaded line phase shifter including a plurality of microstrip line segments 
electrically connected in series with each other and a second voltage tunable dielectric device 
connected between a node between the microstrip line segments and a common point. 

16. A voltage controlled oscillator according to claim 15, wherein each of 
5 the first and second voltage tunable dielectric devices comprises: 

a tunable dielectric varactor. 

17. , A voltage controlled oscillator according to claim 15, further 

comprising: 

a first DC isolation circuit connected between the tuning voltage controller 
10 and the first voltage tunable dielectric device; and 

a second DC isolation circuit connected between the tuning voltage controller 
and the second voltage tunable dielectric device. 



WO 02/09269 



PCTYUS01/22673 



20 



16- 



TUNABLE 
DIELECTRIC 
RESONATOR 



1/4 



18 < 



28 

I 




12 



7 

30 



32-^ 



•26 



TUNABLE 
BYPASS 



22 



•24 



10 



126 

1_ 



^di 6 ii8 



TUNABLE 
RESONATOR 



T 



V 



114 



X<-112 
AMPLIFIER^ — 



-130 



110 



r 122 



TUNABLE 
PHASE SHIFTER 



TUNING 
VOLTAGE 
CONTROLLER 



^132 



124 
U 



120 



FIG. 3 



128 



126 



48 



46 



K 



116 



130^ I 



118 



-50 



FIG. 4 



WO 02/09269 



PCTAJS01/22673 



2/4 



CO 
CO 



r 



CO 



1 

o!^U: — '" ! 



.CNJ 



. CD 



CD 



r 



to 

1. 



CNJ 
CO 



CO 
CO 



LO 



A>V\ |l 



1 



I 



o 

CO 




WO 02/09269 



PCT/US01/22673 



3/4 




t- 



136 



V 



■-4' 



FIG. 5 



138 




K\\\\\a^\\\\^ 



/////////A//////// 
/////////X//////// 
///////// \/ ////////// 

///////// /y ////////// 
///////// /\ ////////// 



138 
53-140 



-142 



FIG. 6 



144' 




0 



FIG. 7 



2 3 4 5 6 
ELECTRICAL FIELD (V/jim) 



8 



WO 02/09269 



PCT/US01/22673 



4/4 



480 



ffl 360 

DC 

(D 
LU 

Q, 240 



w 120 

LU 

3 



-120 




FIG. 8 



5 10 15 

VOLTAGE (V/nm) 



20 



F/G. 9 



174 162 



1 



170 



184 



164 



188 
V r 190 



h^186 



120 



166 



#—178 



i-180 



7f 



160 

168 176 

172 



-182 



INTERNATIONAL SEARCH REPORT 



Intel al Application No 

PCT/US 01/22673 



A. CLASSIFICATION OF SUBJECT MATTER 

IPC 7 H03B5/12 



According to International Patent Classification (IPC) or to both national classification and IPC 



B. FIELDS SEARCHED 



Minimum documentation searched (classification system followed by classification symbols) 

IPC 7 H03B 



Documentation searched other than minimum documentation to the extent that such documents are Included in the fields searched 



Electronic data base consulted during the international search (name of data base and. where practical, search terms used) 

EPO-Internal 



C. DOCUMENTS CONSIDERED TO BE RELEVANT 



Category • Citation of document, with Indication, where appropriate, of the relevant passages 



Relevant to claim No. 



BOIFOT A M ET AL: "EVALUATION OF 
DIFFERENT MMIC VCO DESIGN APPROACHES" 
PROCEEDINGS OF THE EUROPEAN MICROWAVE 
CONFERENCE. LONDON , SEPT. 4-7, 1989, 
TUNBRIDGE WELLS, MICROWAVE EXHIBITIONS, 
GB, 

vol. CONF. 19, 

4 September 1989 (1989-09-04), pages 
1003-1008, XP000067373 
the whole document 

EP 0 125 586 A (THOMSON BRANDT GMBH) 
21 November 1984 (1984-11-21) 
the whole document 



-/- 



1-5,7-13 



1-6,11 



7-9,12, 
13 



m 



Further documents are listed in the continuation of box C. 



Patent family members are listed in annex. 



° Special categories of cited documents : 

'A' document defining the general slate of the art which Is not 

considered to be of particular relevance 
•E' earlier document but published on or after the international 

filing date 

'L' document which may throw doubts on priority clalm(s) or 
which is cited to establish the publication date of another 
citation or other special reason {as specified) 

'O' document referring to an oral disclosure, use, exhibition or 
other means 

•p- document published prior to the international filing date but 
later than the priority date claimed 



later document published after the international filing date 
or priority date and not in conflict with the application but 
cited to understand the principle or theory underlying the 
invention 

document of particular relevance; the claimed invention 
cannot be considered novel or cannot be considered to 
involve an inventive step when the document is taken alone 

document of particular relevance; the claimed invention 
cannot be considered to involve an Inventive step when the 
document Is combined with one or more other such docu- 
ments, such combination being obvious to a person skilled 
In the art 

document member of the same patent family 



Date of the actual completion of the International search 



9 October 2001 



Date of mailing of the international search report 



16/10/2001 



Name and mailing address of the ISA 

European Patent Office, P.B. 5818 Paientlaan 2 
NL-2280 HV Rljswijk 
TeL (+31-70) 340-2040. Tx. 31 651 epo nl, 
Fax: (+31-70) 340-3016 



Authorized officer 



Beasley-Suffolk, D 



Form PCT/1SA/210 (second sheet) (July 1992) 



INTERNATIONAL SEARCH REPORT 



lnte| il Application No 

PCT/US 01/22673 



C(Contlnuatlon) DOCUMENTS CONSIDERED TO BE RELEVANT 



Category • Citation of document, with Indicalion.where appropriate, of the relevant passages 



Relevant to claim No. 



TAJ I MA K ET AL: "A 5 TO 10GHZ LOW 
SPURIOUS TRIPLE TUNED TYPE PLL SYNTHESIZER 
DRIVEN BY FREQUENCY CONVERTED DDS UNIT" 
1997 IEEE MTT-S INTERNATIONAL MICROWAVE 
SYMPOSIUM DIGEST. DENVER, JUNE 8-13, 
1997, IEEE MTT-S INTERNATIONAL MICROWAVE 
SYMPOSIUM DIGEST, NEW YORK, IEEE, US, 
vol. 3, 8 June 1997 (1997-06-08), pages 
1217-1220, XP000767019 
ISBN: 0-7803-3815-4 

page 1218, left-hand column, line 1 - line 
8; figure 2 

US 5 373 264 A (HIGGINS JR THOMAS M) 
13 December 1994 (1994-12-13) 
column 5, line 15 -column 5, line 11; 
figures 3,4 



7-9,12, 
13 



1-3,5,6 



Form PCT/1SA/210 (continuation oi second sheet) (July 1682) 



INTERNATIONAL SEARCH REPORT 


Intel al Application No 

PCT/US 01/22673 


Patent document 
cited in search report 


Publication 
date 


Patent family 
member(s) 


Publication 
date 



EP 0125586 A 21-11-1984 DE 3316881 CI 25-01-1990 

DK 225984 A ,B, 08-11-1984 

EP 0125586 A2 21-11-1984 

HK 13996 A 02-02-1996 



US 5373264 A 13-12-1994 DE 4327138 Al 28-07-1994 

GB 2274562 A ,B 27-07-1994 
JP 7307619 A 21-11-1995 



Form PCT/ISA/21C (patant I amity amex) (July 1992) 



